The identification of receptors that detect environmental stimuli lays a foundation for exploring the mechanisms and neural circuits underlying sensation. The mouse vomeronasal organ (VNO), which detects pheromones and other semiochemicals, has 2 known families of chemoreceptors, V1Rs and V2Rs. Here, we report a third family of mouse VNO receptors comprising 5 of 7 members of the formyl peptide receptor (FPR) family. Unlike other FPRs, which function in the immune system, these FPRs are selectively expressed in VNO neurons in patterns strikingly similar to those of V1Rs and V2Rs. Each FPR is expressed in a different small subset of neurons that are highly dispersed in the neuroepithelium, consistently coexpress either G␣i2 or G␣o, and lack other chemoreceptors examined. Given the presence of formylated peptides in bacteria and mitochondria, possible roles for VNO FPRs include the assessment of conspecifics or other species based on variations in normal bacterial flora or mitochondrial proteins.
fpr ͉ GPCR olfactory ͉ pheromone S emiochemicals that transmit messages within and between species are detected by the olfactory systems of both vertebrate and invertebrate organisms. The stereotyped responses elicited by these chemicals and their importance to the perpetuation of the species suggest the involvement of dedicated chemosensory receptors and hard-wired neural circuits that assure appropriate responses to specific chemosensory stimuli.
Mice can detect a variety of semiochemicals. These include pheromones that induce changes in reproductive hormone levels or stimulate sexual or aggressive behaviors (1) (2) (3) (4) . They also include genetically determined individuality cues present in urine that can influence the choice of a mating partner or cause a failure of embryo implantation (''pregnancy block'') (5, 6) . In addition, predator odors can elicit innate fear responses involving both hormonal and behavioral changes (7) . Many of these semiochemicals are not yet defined at the molecular level. Those with known structures include several volatile urinary compounds reported to affect reproductive physiology and behavior (8) , major urinary proteins (MUPs) that stimulate male-male aggression (9) and may serve as individuality cues (10) , several peptides that bind to major histocompatibility complex (MHC) proteins and can act as individuality cues that interfere with pregnancy (5) , and a compound in fox feces that stimulates a fear response (7) .
In mice, many semiochemicals are detected by sensory neurons in the VNO. The VNO is a tubular olfactory structure at the base of the nasal septum that connects to the nasal cavity via a small duct (2, 3) . However, some semiochemicals are also, or instead, detected in the nasal olfactory epithelium (OE) (7, 11, 12) , which is also responsible for the detection of odorants (4) . Consistent with an important role in the detection of pheromones and other semiochemicals, sensory signals generated in the VNO travel to limbic areas such as the amygdala and hypothalamus, which control basic drives, hormone levels, and instinctive behaviors. In contrast, OE signals are sent to higher cortical areas important in odor perception and to limbic areas (2, 4) .
The VNO contains 2 known families of chemosensory receptors, the V1R and V2R families (13) (14) (15) (16) , which have about 240 and 120 members, respectively (17, 18) (19, 20) , V1Rs and V2Rs belong to the G protein-coupled receptor (GPCR) superfamily and members of each family are diverse in protein sequence, suggesting that each family may detect a variety of chemicals. Within the VNO neuroepithelium, V1Rs are coexpressed with the G protein G␣ i2 in neurons in an apical zone whereas V2Rs are coexpressed with G␣ o in neurons in a basal zone (13) (14) (15) . Because of difficulties in obtaining functional expression of V1Rs and V2Rs in cell lines, little is known about their ligands. However, one volatile pheromone is detected by a particular V1R (21), a male exocrine gland-secreting peptide (ESP) is detected by a specific V2R (22) , and MUPs and MHC-binding peptides activate G␣ o -expressing neurons, suggesting the possible involvement of V2Rs (9, 23) .
Here, we report the existence of a third family of candidate chemosensory receptors in the VNO. By conducting a high throughput screen for GPCRs expressed in mouse VNO neurons, we found that 5 of 7 members of the formyl peptide receptor (FPR) family are expressed by VNO neurons. The other 2 FPRs are instead expressed in the immune system, where they are believed to stimulate chemotaxis to sites of infection or tissue damage upon recognition of their ligands, such as formylated pepides from bacteria or mitochondria (24) . The expression patterns of the VNO FPRs are remarkably similar to those of V1Rs and V2Rs: they are selectively expressed in the VNO and each FPR is expressed in a different small subset of neurons that are highly dispersed, consistently express G␣ i2 or G␣ o , and appear to lack other chemoreceptors. These findings suggest that the VNO FPRs are likely to function as chemosensory receptors. Phylogenetic analyses indicate that genes encoding VNO FPRs evolved recently in the rodent lineage, raising the possibility that these receptors impart a novel chemosensory function to rodents.
Results

A High Throughput Screen for Receptors Expressed in VNO Neurons.
To explore whether there might be additional families of receptors in VNO neurons, we used a high throughput approach. Preliminary experiments revealed endogenous ␤-galactosidase activity in VNO neurons, but not other VNO cell types (supporting information (SI) Fig. S1 ). To obtain an enriched population of VNO neurons, we labeled dissociated VNO cells with a f luorescent ␤-galactosidase substrate, f luorescein di-(␤-galactopyranoside) and then used fluorescence-activated cell sorting to isolate the labeled neurons. We next prepared cDNA from the RNA of the isolated neurons and used the cDNA in real-time quantitative PCR (qPCR) reactions in 384-well plates.
In these experiments, we tested primer pairs specific for 365 GPCRs not previously implicated in the detection of odors, pheromones, or tastes (20) .
Surprisingly, cDNAs encoding several members of the formyl peptide receptor (FPR) family were amplified from VNO neuron cDNA. This family has 7 members in mice named FPR1, FPR-rs1, FPR-rs2, FPR-rs3, FPR-rs4, FPR-rs6, and FPR-rs7 (Fpr-rs5 is a pseudogene) and 3 in humans termed FPR1, FPR2 (FPRL1), and FPR3 (FPRL2) (24) . All 3 human FPR genes and 2 of the 7 mouse Fpr genes (Fpr1 and Fpr-rs2) are expressed by neutrophils or myeloid lineage cells and are believed to play an important role in innate immune responses by recognizing formylated peptides released from bacteria or mitochondria at sites of infection or tissue destruction (24) .
Members of the Formyl Peptide Receptor Family Are Selectively
Expressed in the VNO. To verify the expression of Fpr genes in the VNO and compare it with their expression in other tissues, we conducted qPCR reactions with cDNAs prepared from 10 different mouse tissues, including both male and female VNO (Fig. 1 ). For the two Fpr genes expressed in immune cells (Fpr1 and Fpr-rs2), VNO cDNA showed only low levels of expression that were less than those seen for some other tissues. In sharp contrast, the other 5 Fpr genes showed relatively high expression in VNO cDNA, but not in cDNA from any other tissue, including the olfactory epithelium. Similar results were obtained using male and female VNO cDNA. Interestingly, the expression levels of the 5 Fpr genes in the VNO resembled that of a V1r gene, V1rd6. These results indicate that 5 of 7 mouse Fpr genes are selectively expressed in the VNO and, furthermore, that their levels of expression resemble that of a VNO chemosensory receptor.
To further investigate Fpr gene expression in different tissues, we searched the mouse EST (expressed sequence tag) database at NCBI (National Center for Biotechnology Information) using BLASTN with each mouse Fpr coding region sequence as query.
(http://www.ncbi.nlm.nih.gov). We found sequences encoding both immune system FPRs (FPR1 and FPR-rs2) in ESTs from a variety of tissues, probably because of the presence of bloodcontaining neutrophils and monocytes in all tissues. Strikingly, however, we found no ESTs for any of the VNO FPRs. We also failed to identify ESTs for 2 VNO receptors, V1Rb2 or V1Re11, a result that likely reflects the lack of large-scale sequencing of VNO cDNAs. Together, these results indicate that 5 of 7 members of the Fpr gene family are predominantly or exclusively expressed in the VNO.
Fpr Genes Are Expressed in Small Subsets of Dispersed VNO Neurons.
We next used RNA in situ hybridization to ask whether Fpr genes are truly expressed in VNO neurons. Serial sections were collected from male or female VNOs and different sections were hybridized to digoxigenin-labeled cRNA probes for each of the 7 mouse Fpr genes or, as controls, V1r or V2r probes. Preliminary experiments indicated that sequences with Ͻ87% identity do not cross hybridize under the high stringency in situ hybridization conditions used. Therefore, it was possible to distinguish the expression of all Fpr genes except Fpr-rs1 versus Fpr-rs2 (87% identical) and Fpr-rs6 versus Fpr-rs7 (96% identical).
Probes for each of these genes labeled a small subset of neurons that were scattered in the VNO neuroepithelium (Figs.
2 and 3). We detected no differences in this labeling pattern along the anterior-posterior axis of the VNO nor did we detect differences in male versus female VNOs. The hybridization patterns seen with individual Fpr probes resembled those seen using V1r and V2r probes in these experiments (Table S1 ) and in previous studies (13) (14) (15) (16) . No VNO expression was evident for either of the Fpr genes expressed in the immune system: the Fpr1 probe did not label any cells and rare and weak labeling with the Fpr-rs2 probe appeared to be the result of cross-hybridization to Fpr-rs1 RNA. These experiments indicated that all 5 Fpr genes expressed in the VNO are expressed in VNO neurons.
To obtain information on the size of neuronal subsets expressing individual Fpr genes, we counted the number of neurons labeled by different Fpr probes in multiple tissue sections and Fpr genes are expressed in the VNO. qPCR was conducted using primers specific for each mouse Fpr gene, a mouse V1r gene (V1rd6), a mouse Taar gene (Taar7b), or the mouse ␤-Actin gene and, as templates, cDNAs prepared from DNase-treated RNAs from different mouse tissues: A, heart; B, spleen; C, intestine; D, liver; E, brain; F, VNO (red); G; olfactory epithelium (blue); H, circumvallate taste papillae; I, olfactory bulb; and J, testis). Results of triplicate experiments are shown (ϮSD). No PCR products were seen in control experiments lacking reverse transcriptase. cDNAs for five of the seven mouse Fpr genes (Fpr-rs1, Fpr-rs3, Fpr-rs4, Fpr-rs6, and Fpr-rs7) were selectively amplified from VNO cDNA (red bars), similar to V1rd6 cDNAs. Scales on the y axis differ as follows: X ϭ 60,000 copies, Y ϭ 100,000 copies, and Z ϭ 8,000,000 copies. Each column represents signal from cDNA prepared from 1 g total RNA, based on reactions using 10 ng RNA. compared these data with counts obtained with V1r and V2r probes (Table S1 ). Taking into account the number of mouse genes with Ն87% identity to each probe, we calculate that individual Fpr genes were expressed, on average, in 3.7 neurons per 14 m section. This was remarkably similar to results obtained with probes that matched V1rs and V2rs, which indicated that individual V1r genes and V2r genes were expressed, on average, in 3.3 and 6.8 neurons per 14 m section, respectively. Thus, both the number and patterning of neurons expressing individual Fpr genes resemble what is seen for members of the V1r and V2r chemosensory receptor gene families.
Individual Fpr Genes Are Consistently Coexpressed with G␣i2 or G␣O.
V1Rs are coexpressed with G␣ i2 in an apical zone of the VNO while V2Rs are coexpressed with G␣ o in a complementary basal zone. To determine whether FPRs are similarly coexpressed with G␣ i2 or G␣ o , we performed dual in situ hybridization using G␣ i2 and G␣ o probes together with individual Fpr probes or, as controls, V1r or V2r probes (Fig. 3, C-F , Table S2 ).
The great majority of neurons labeled for Fpr-rs3 (94.8%), Fpr-rs4 (98.5%), and Fpr-rs6/7 (97.8%) were also labeled for G␣ i2 whereas only 4.3%, 2.0%, and 4.8%, respectively, were also labeled for G␣ o . In contrast, most neurons labeled for Fpr-rs1 (93.6%) were colabeled for G␣ o and only 3.5% for G␣ i2 . These results were comparable to those obtained using a V1ra2 probe, which showed 97.8% of hybridized neurons colabeled for G␣ i2 and only 4.8% for G␣ o . Thus, similar to the expression of V1Rs and V2Rs in the VNO, individual FPRs are consistently coexpressed with either G␣ i2 or G␣ o , but not both. However, in contrast to the selective coexpression of V1Rs with G␣ i2 and V2Rs with G␣ o , FPR-rs1 is coexpressed with G␣ o whereas the other VNO FPRs are coexpressed with G␣ i2 .
Different Fpr Genes Are Expressed in Different VNO Neurons. One common theme among chemosensory receptors in both the VNO and olfactory epithelium is that each neuron appears to express only 1 receptor gene (13) (14) (15) 25) . The only known exceptions are members of 1 V2r gene subfamily (the V2r2 subfamily), which appear to be coexpressed at a low level with most or all other V2r genes (26) . To determine whether different Fpr genes are expressed in different neurons, we hybridized VNO sections to pairs of differentially labeled Fpr probes.
Using all pairwise combinations of Fpr-rs1, Fpr-rs3, Fpr-rs4, and Fpr-rs6 probes, we found that more than 99% of cells labeled by each Fpr probe were unlabeled by another Fpr probe (2609/ 2612 cells total) (Fig. 3 A and B, Table S2 ). These results indicate that, similar to V1Rs and V2Rs, and to chemosensory receptors Table S2 ).
Neurons labeled by a mix of Fpr-rs3, Fpr-rs4, and Fpr-rs6 probes were compared with those labeled by 10 different V1r probes, (alone or in mixes), representing 10 of the 12 V1R subfamilies (27) . On the basis of our observation that sequences with Ն87% identity cross-hybridize under the hybridization stringency we used, and our determination of intact V1r genes in the genome with this level of identity to our V1r probes, we calculated that the 10 V1r probes used in these experiments would hybridize to RNAs encoded by 43 (18%) of the 239 intact V1r genes in the mouse genome. Of neurons labeled for Fprs shown to be coexpressed with G␣ i2 , only 0.3% were colabeled for the V1rs tested (6/2081 cells total). If FPRϩ neurons instead coexpressed one V1R chosen at random, we would expect to see more colabeled cells (51/2081, on the basis of the particular probe combinations used, Table S2 ). Using a Poisson distribution, the probability that we would see 6/2081 colabeled cells rather than 51/2081 colabeled cells is extremely low (1.7 ϫ 10 Ϫ15 ). Of neurons that were labeled by the Fpr-rs1 probe, none (0/106) was colabeled by a V2ra probe predicted to hybridize to RNAs encoded by 17 V2r genes (14% of the 121 V2r intact genes in the genome).
Without comparing the expression of VNO Fpr genes with that of all V1r and V2r genes, the methods used cannot exclude the possibility that FPRs are coexpressed with specific, unexamined members of the V1R or V2R family, a caveat that also holds true for the expression of individual V1Rs and V2Rs in different neurons. However, these results are consistent with a model in which there are multiple subsets of VNO neurons that use different FPRs, rather than V1Rs or V2Rs, to detect chemosensory stimuli.
VNO FPRs Evolved Recently and Underwent Neofunctionalization.
The VNO is an evolutionarily old structure found not only in most mammals, but also in reptiles. V1Rs and V2Rs are present even in fish, suggesting a still older origin (28, 29) . Do any mammals other than mice have larger families of FPRs than humans, suggesting the possible existence of VNO FPRs? To explore this question, we searched for genes encoding FPR-related proteins in NCBI genome sequence databases for a variety of mammals using TBLASTN and individual mouse FPRs as queries. On the basis of sequence relationships among FPRs versus other receptors, we only considered proteins with at least 45% identity to 1 or more mouse FPRs.
These analyses identified 7 genes encoding FPR-related proteins in rat, 2-3 in primates, 1-2 each in dog, cat, and horse, and none in cow, sheep, or pig. We also found 6 genes encoding proteins with Ϸ40% identity to FPRs in opossum, 3 in platypus, and 1 in zebrafish, but these proteins also shared Ϸ40% identity to several chemokine receptors, so it is unclear whether these are FPR family members. Incomplete genome sequence data could explain the small number of Fpr genes found in some species.
However, genome sequence coverage is extensive for dog, cow, and horse, suggesting that these species are unlikely to have large families of FPRs and could instead have even fewer than humans, whose three FPRs are expressed in the immune system. These results suggest that VNO FPRs are likely to be present in only certain mammals, possibly only in rodents.
To gain insight into relationships among FPRs found in different species, we constructed a phylogenetic tree of the FPRs using Bayesian analysis (Fig. 4) . We then analyzed evolutionary rates and selection of Fpr genes along branches of the tree by calculating ratios of non-synonymous to synonymous substitutions. These analyses suggest that, in rodents, an ancestral Fpr gene underwent a period of positive selection consistent with neofunctionalization, laying the foundation for expansion and diversification of this gene family. Numerous gene duplications increased the size of the Fpr gene family in mice and rats, giving rise to a series of FPRs that lack clear orthologs in other species. These FPRs are located within a rodent-specific branch of the FPR phylogenetic tree (Fig. 4) . Importantly, this group of FPRs includes all of those that are selectively expressed in the mouse VNO. Although additional Fpr genes may be revealed in other mammals as additional genome sequence data become available, these phylogenetic analyses indicate that an expansion of the FPR family to generate VNO receptors occurred recently along the rodent lineage and represents the de novo evolution of a novel chemosensory receptor family in rodents, but not other mammals.
Discussion
In these studies, we identified a third family of candidate chemosensory receptors in the mouse VNO. By conducting a high throughput search for receptors expressed in VNO neurons, we found evidence that these neurons express certain members of the FPR family, a receptor family previously implicated in the innate immune response. Subsequent experiments demonstrated that five of seven members of this family are selectively expressed in VNO neurons whereas the two FPRs found in the immune system are not. The expression patterns of the VNO FPRs resemble those of V1R and V2R chemosensory receptors, suggesting that there are multiple subsets of VNO neurons that use individual FPRs rather than V1Rs or V2Rs to detect chemosensory stimuli. Phylogenetic analyses indicate that VNO FPRs evolved recently in the rodent lineage and may thus impart novel chemosensory functions to rodents. Second, no evidence was found for the coexpression of FPRs with V1Rs or V2Rs. Without comparing the expression of VNO FPRs with that of all Ϸ360 V1Rs and V2Rs, it cannot be excluded that the FPRs are coexpressed with a small number of V1R or V2R family members. However, comparisons of neurons expressing FPRs versus a large number of different V1Rs or V2Rs did not uncover any evidence for their coexpression.
Third, VNO FPRs appear to be expressed predominantly or exclusively in the VNO. Similar to what has been observed for V1Rs and V2Rs, no evidence was found for the expression of VNO FPRs in other tissues, consistent with a dedicated role for these receptors in chemosensation.
Potential Functions of VNO FPRs. Given that the VNO expresses over 300 V1Rs and V2Rs, what might an additional five FPRs add to VNO chemosensory detection? Our phylogenetic analyses indicate that the VNO FPRs resulted from recent gene duplications and positive selection and thus are likely to provide a selective advantage to the animal. This advantage could derive from an ability of FPRs to recognize sensory ligands that are not detected by either V1Rs or V2Rs. Consistent with this idea, VNO FPRs do not share significant sequence similarity with either V1Rs or V2Rs nor do they resemble ORs or TAARs expressed in the OE. Alternatively, FPRs might recognize some of the same ligands as V1Rs or V2Rs, but generate signals that are conveyed to different brain regions, thus allowing for different responses to the same ligands.
What sensory ligands might VNO FPRs recognize? Since immune system FPRs recognize a number of formylated as well as nonformylated peptides (24), it is quite possible that VNO FPRs recognize similar types of ligands. Sequence relationships among FPR family members are consistent with this idea. The two mouse immune system FPRs, FPR1 and FPR-rs2, are 59% identical and both recognize the formylated peptide fMLF in addition to differentially recognizing other peptides. FPR-rs2 is even more related to the VNO FPR, FPR-rs1, (81% identity) and shows comparable relatedness to the other VNO FPRs (59-66% identity). BLASTP searches of the NCBI mouse protein database with several VNO FPRs indicated that, after immune system FPRs, these proteins are most related to other GPCRs with peptide ligands, consistent with the idea that VNO FPRs may detect peptides. Thus far, we have been unable to identify ligands for VNO FPRs using heterologous expression in HEK293 cells and test ligands varying from fMLF to natural substances, such as mouse urine. However, this failure could derive from difficulties in heterologous expression, as is seen for other chemosensory receptors.
The VNO plays a major role in the detection of semiochemicals that stimulate hormonal or behavioral responses, allow recognition of individual conspecifics on the basis of genetic polymorphisms, and, at least in some species (rat), the detection of predator odors that elicit innate fear responses. FPRs could conceivably be involved in the recognition of semiochemicals that elicit one or more of these responses or they might be involved in other innate responses that are not yet described. Little is known about the ligands of V1Rs and V2Rs. At least one V1R recognizes a volatile pheromone (21) whereas one sexspecific exocrine peptide is linked to a specific V2R (22) and MUPs and MHC binding peptides that elicit innate responses both activate G␣ o ϩ VNO neurons, suggesting that they may also be recognized by V2Rs (9, 23) . The fact that only one of the five VNO FPRs is coexpressed with G␣ o suggests that they are unlikely to detect MUPs or MHC peptides, which vary among conspecifics, but instead may recognize other types of peptides that elicit innate behavioral or physiological responses.
One intriguing possibility is that VNO FPRs specifically recognize formylated peptides. N-terminal formyl groups can be found on peptides derived from bacteria, mitochondria, and plant chloroplasts (30) . Immune system FPRs expressed by neutrophils and monocytes are thought to play a role in the innate immune response by recognizing formylated peptides released from bacteria or mitochondria at sites of infection or tissue damage, thereby stimulating chemotaxis (24) . The recognition of formylated peptides by VNO neurons could potentially contribute an additional dimension to chemosensory recognition in the VNO and be advantageous in a number of possible ways. For example, VNO FPRs might signal the edibility of specific plants, decay in a potential food source, or bacterial infection in a conspecific. Another interesting possibility is that VNO FPRs detect formylated peptides that are derived from mitochondria or normal bacterial flora in the animal and are released, for example, in feces. In this scheme, differences in mitochondrial peptides or normal flora among animals could provide individuality cues that permit discrimination among members of the same species or signal the presence of other types of animals, such as predators.
The VNO has two zones, one expressing V1Rs and G␣ i2 and the other expressing V2Rs and G␣ o . These two zones project axons to different parts of the accessory olfactory bulb, which in turn have largely overlapping, but partially distinct, projections to the amygdala and bed nucleus of the stria terminalis (31) . Curiously, one VNO FPR is coexpressed with G␣ o , but the other four are coexpressed with G␣ i2 , raising the possibility that sensory inputs from different VNO FPRs might ultimately be targeted to different brain areas with distinct functions.
Lineage-Specific Evolution of FPRs in the VNO. Based on our phylogenetic analyses, FPRs may play a role in the VNO of rodents but not of other mammals. Rats also have an expanded FPR family similar to that of mice, but no evidence for a comparable expansion was found by analyzing intact Fpr genes in genome sequence data from horse, cat, cow, sheep, or pig. Humans, which lack a functional VNO, have three FPR genes, all of which function in the immune system (24) . In contrast, our studies indicate that the expanded Fpr gene family of mice exhibits functional dichotomy wherein different members are expressed in different cell types that mediate entirely different functions. Fpr genes are found in a single genomic cluster adjacent to Ϸ39 V1r and V2r genes (24) . It is possible that a gene duplication event placed an Fpr gene in close proximity to a vomeronasal receptor promoter, altering its expression pattern and function, and laying the foundation for neofunctionalization of a novel chemosensory receptor family.
Given the proposed role of the VNO in species-selective social ecology, one might predict that VNO chemosensory receptors would be especially likely to undergo rapid evolution and diversification in individual species. Indeed, V1R and V2R families, which evolved chemosensory functions earlier in vertebrate evolution (28) , exhibit dramatic species-dependent heterogeneity (29) . Considering the tremendous diversity of ecological niches and the animals that inhabit them, as well as the inherent developmental flexibility observed in some sensory systems, it may well be that additional new families of chemosensory receptor families have evolved and expanded in animals whose genome sequences are still unknown, perhaps endowing those species with sensory capabilities lacking in others.
Methods
VNO Sensory Neuron Isolation. VNO sensory neurons were obtained using cell staining and sorting techniques previously described for isolating olfactory sensory neurons (20) . VNO tissue was pooled from 16 adult C57BL/6J animals, yielding Ϸ140 VNO sensory neurons per animal.
qPCR. DNase-treated RNA obtained from various mouse tissues or untreated RNA from FACS-sorted VNO sensory neurons were used to prepare cDNA for qPCR as described previously (20) . Fpr primer pairs are listed in SI Text, and their specificity was verified with control PCR reactions involving Fprcontaining plasmids.
Fluorescence in Situ Hybridization. Single color and two color fluorescence in situ hybridization experiments were performed as described previously (20) except that hybridizations were done at 65°C to increase stringency; under these conditions probes did not cross-hybridize to sequences with 85% identity (Fpr-rs3 and Fpr-rs4) or less, cross-hybridized weakly to those with 87% identity (Fpr-rs1 and Fpr-rs2), and cross-hybridized strongly to those with 96% identity (Fpr-rs6 and Fpr-rs7). cRNA riboprobes were used that matched the full coding regions of all Fprs, G proteins, and V1rs, and a portion of V2ra (base pairs 1529 -2345). Cells were counted blind to probe identity. Each image used in a figure was photographed to capture its entire dynamic range. Brightness, contrast, and gamma adjustments were made to permit adequate visualization of the images after printing.
Phylogenetic Analyses. A more detailed description of methodology applied can be found in the SI. Protein sequences encoded by Fpr genes and outgroup sequences were aligned using MUSCLE (32) , and a phylogenetic tree was built using MrBayes (33) with the mixed model for amino acid substitutions. In the resulting tree, speciation and duplication events were identified by comparison with accepted species relationships using soft parsimony (34) . Positive selection was detected by the ratio of nonsynonymous to synonymous substitution rates using various models in PAML (35) and using SWAPSC (36) .
